Multiple oncogenes (in particular phosphatidylinositol 3-kinase, PI3K; activated Akt1; antiapoptotic proteins from the Bcl-2 family) inhibit autophagy. Similarly, several tumor suppressor proteins (such as BH3-only proteins; death-associated protein kinase-1, DAPK1; the phosphatase that antagonizes PI3K, PTEN; tuberous sclerosic complex 1 and 2, TSC1 and TSC2; as well as LKB1/STK11) induce autophagy, meaning that their loss reduces autophagy. Beclin-1, which is required for autophagy induction acts as a haploinsufficient tumor suppressor protein, and other essential autophagy mediators (such as Atg4c, UVRAG and Bif-1) are bona fide oncosuppressors. One of the central tumor suppressor proteins, p53 exerts an ambiguous function in the regulation of autophagy. Within the nucleus, p53 can act as an autophagy-inducing transcription factor. Within the cytoplasm, p53 exerts a tonic autophagy-inhibitory function, and its degradation is actually required for the induction of autophagy. The role of autophagy in oncogenesis and anticancer therapy is contradictory. Chronic suppression of autophagy may stimulate oncogenesis. However, once a tumor is formed, autophagy inhibition may be a therapeutic goal for radiosensitization and chemosensitization. Altogether, the current state-of-the art suggests a complex relationship between cancer and deregulated autophagy that must be disentangled by further in-depth investigation. Autophagy constitutes one of the major responses of cells to external or internal stimuli. As any other major phenomenon of cell biology (such as division, differentiation and cell death), autophagy can be perturbed in cancer cells and is modulated by anticancer chemotherapies. The first functional link that has been established between autophagy and cancer originates from the landmark discovery that Beclin 1, a phylogenetically conserved protein that is essential for macroautophagy, is also a haploinsufficient tumor suppressor.
Autophagy constitutes one of the major responses of cells to external or internal stimuli. As any other major phenomenon of cell biology (such as division, differentiation and cell death), autophagy can be perturbed in cancer cells and is modulated by anticancer chemotherapies. The first functional link that has been established between autophagy and cancer originates from the landmark discovery that Beclin 1, a phylogenetically conserved protein that is essential for macroautophagy, is also a haploinsufficient tumor suppressor. 1 On the basis of this discovery and the observation that multiple stress signals including DNA damage can induce macroautophagy [2] [3] [4] both fundamental and clinical oncologists have become aware of the possible importance of 'self-eating' for oncogenesis and therapeutic responses, thus launching a new area of febrile investigation.
Any biomedical investigator and clinical oncologist can enumerate the six cell-intrinsic hallmarks of cancer, as formulated by Hanahan and Weinberg, 5 provision of autonomous growth signals, insensitivity to negative signals, limitless replication, production of angiogenic factors and tissue invasion with metastasis, as well as disabled apoptosis. In this context, it has been well established that prominent oncogenes reduce the propensity of cancer cells to undergo cell death, whereas prominent tumor suppressor proteins have proapoptotic properties. However, the link between autophagy and cell death is highly ambiguous, and autophagy may serve as a mechanism of adaptation to stress (and hence avoidance of cell death), as well as, in special circumstances, as a route to cell death [6] [7] [8] [9] [10] suggesting that the relationship between cancer and autophagy may be more complex than that between cancer and cell death.
The present review deals with autophagy regulation by oncogenes and tumor supporessor proteins and the contribution of deregulated autophagy may contribute to oncogenesis and tumor progression.
Regulation of Autophagy by the PI3K/Akt/mTOR Pathway
In cancer, essential signal-transducing molecules involved in growth signaling often are constitutively switched on due to activating mutation or due to the continuous presence of autocrine growth factors. Growth factors activate receptor tyrosine kinases (RTKs), which then stimulate two key signal transducing components: the small GTPase Ras and the phosphatidylinositol 3-kinase (PI3K). Ras and PI3K converge to activate mTOR for stimulating cell growth and for inhibiting autophagy. Most cancers harbor activating mutations of the master regulators (K-ras, H-Ras, N-ras, the p110a PI3K subunit and RTKs) or their downstream effectors (such as the kinases Akt and PDK1), or inactivating mutations in negative regulators of these proteins. 11 Germline mutation of such negative regulators, namely the Ras antagonist neurofibromin 1 (NF1), the mTOR inhibitors tuberous sclerosis complex 1 and 2 (TSC1, TSC2), LKB1 (a kinase that activates the AMPactivated protein kinase, AMPK) or the phosphatase PTEN, which reverses the phosphorylation mediated by PI3K, results in familial cancer syndromes. These pathologies share clinical features (phakomatoses or 'neurocutaneous syndromes'), characterized by hamartoma-type tumors (Peutz-Jegher's syndrome, tuberous sclerosis, Cowden's disease and neurofibromatosis type 1).
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As a result, many cancers exhibit an enhanced activation of mTOR, resulting into reduced autophagy. Elegant in vivo experiments performed by White and colleagues 4 demonstrate that constitutively active Akt inhibits the induction of autophagy in vitro and in vivo, whereas accelerating the growth of tumors in vivo, in particular in cells that lack the expression of Bax and Bak. This enhanced tumor growth could be correlated with an elevated level of tumor cell necrosis and local inflammation, as well as a marked genomic instability. 12 An important autophagy-regulatory gene, such as Beclin 1, functions as a haploinsufficient tumor suppressor gene. Deletion of one allele of Beclin-1 accelerates tumor growth in vivo, in the context of Bcl-2 overexpression. 12 In addition, monoallelic knockout of beclin-1 or biallelic knockout of atg5 had similar effects on genomic instability as constitutively active Akt. 13, 14 It appears plausible that the inhibition of autophagy is a major contributing factor in the oncogenic action of a constitutively active PI3K/Akt axis. Formal proof in favor of this possibility is however still elusive.
Regulation of Autophagy by Bcl-2 Family Proteins
Antiapoptotic proteins from the Bcl-2 family are prominent oncogenes, whereas proapoptotic proteins from this family are tumor suppressor proteins. Although Bcl-2 family proteins have been initially characterized as cell death regulators, it has recently become clear that they control the autophagic process as well. Thus, antiapoptotic proteins such as Bcl-2, 15 Bcl-X L , 16 Bcl-w 17 and Mcl-1 16 can inhibit autophagy. Accordingly, the knockdown of Bcl-2 with antisense oligonucleotides 18 or small interfering RNA (siRNA) heteroduplexes 19 can induced autophagy in a range of different cell lines including leukemia and breast cancer cells. Conversely, proapoptotic BH3-only proteins from the Bcl-2 family, such as BNIP3L, 20, 21 Bad, 16 Noxa, Puma, BimEL 22 and Bik, 23 stimulate autophagy. Beclin 1/Atg6 has initially been identified as a protein that interacts with Bcl-2.
1 Today, it is known that the essential autophagy protein Atg6/Beclin 1 cooperates with several cofactors (including Ambra-1, Bif-1 and UVRAG) to activate the lipid kinase Vps34, thereby inducing autophagy. [24] [25] [26] [27] In baseline conditions, Beclin 1 is bound to and inhibited by Bcl-2 or other antiapoptotic multidomain proteins of the Bcl-2 family including Bcl-X L , 16 Bcl-w 17 and Mcl-1. 16 At the structural level, it is important to note that antiapoptotic multidomain proteins possess a hydrophobic cleft, the so-called BH3 receptor domain, which can accommodate BH3 domains from proapoptotic Bcl-2 protein family members. Such BH3 domains have an amphipathic a-helical structure. 28 Three different approaches have proven that Beclin 1 possesses a BH3 motif (aa 112-123). First, crystal structures have been obtained from recombinant Bcl-X L protein complexed to a synthetic peptide that corresponds to the Bcl-2/ Bcl-X L -binding domain of Beclin 1. Similarly to previously determined Bcl-X L -BH3 structures, the amphipathic BH3 helix of Beclin 1 binds to the BH3 receptor domain of Bcl-X L . 29 Second, the X-crystallographic data have been confirmed by NMR spectroscopy. 30 Third, replacements of several critical amino acids within the putative BH3-only domain of Beclin 1 (L116A, L116E, L116Q, G120E, D121A and F123A) reduce or abrogate the molecular interaction between Beclin 1 and Bcl-X L in GST pulldown, analytical gel filtration, fluorescence anisotropy measurements and/or coimmunoprecipitation assays. 15, 16, [29] [30] [31] Altogether, these three technologies (X-crystallography, NMR and mutational analysis) convincingly demonstrate that Beclin 1 possesses a BH3 domain, if such domains are defined by their capacity to interact with the BH3 receptor domain of the antiapoptotic Bcl-2 proteins. It should be noted, however, that the overexpression of Beclin 1 cannot induce cell death (MCM and GK, unpublished observation), indicating that Beclin 1, in contrast to other BH3-only proteins, has no proapoptotic properties. Moreover, the incidence of tumors in mice carrying a knock-in mutation that modulates the BH3 domain of Beclin 1 has not been determined. Thus, the putative antioncogenic function of the BH3 domain of Beclin 1 remains elusive. In conclusion, the interaction between Beclin-1 and antiapoptotic proteins of the Bcl-2 family (in particular Bcl-2 and Bcl-X L ) involves the Bcl-2 homology 3 (BH3) domain in Beclin-1 and the BH3 receptor domain of Bcl-2/Bcl-X L . Other proteins carrying BH3 domains can competitively disrupt the interaction between Beclin-1 and Bcl-2/Bcl-X L to induce autophagy. 31 Starvation from essential nutrients, which is the physiologically most potent inducer of autophagy, stimulates the dissociation of Beclin-1 from its inhibitors, presumably by activating the BH3-only protein, Bad. 16 The BH3-mimetic compound, ABT737, an agent designed to occupy the BH3 receptor domain of Bcl-2 or Bcl-X L (but not that of Mcl-1), 32 also competitively disrupts the physical interaction between Beclin 1 and Bcl-2 or Bcl-X L .
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ABT737 pretreatment abolishes the immunoprecipitation between Beclin 1 and Bcl-2 or Bcl-X L (but not Mcl-1) in cells that are resistant to the proapoptotic action of ABT737. This effect correlates with the induction of massive autophagy. ABT737-induced autophagy cannot be inhibited by Bcl-2 or Bcl-X L overexpression, yet is abolished by transfection with Mcl-1 or by the siRNA-mediated knockdown of Beclin 1. 16 These results demonstrate that autophagy is efficiently triggered by the disruption of the interaction between Beclin 1 and Bcl-2 or Bcl-X L .
Interestingly, ABT737 induces the autophagic sequestration of mitochondria (mitophagy) more efficiently than that of endoplasmic reticulum (ER; reticulophagy). 13 Similarly, one particular BH3-only protein, BNIP3L, has been found to be required for the autophagic elimination of mitochondria that accompanies terminal erythroid differentiation. 33 Mitophagy induced by hypoxia occurs through the HIF-1-dependent transcriptional activation of BNIP3L, which disrupts the interaction between Bcl-2 and Beclin. 34 These results point to the possibility that interactions between Bcl-2 family proteins and Beclin 1 have a particularly important function in the regulation of mitophagy.
Regulation of Autophagy by p53
The tumor suppressor protein p53 is often inactivated in tumor cells, for instance due to mutations of p53 itself, due to mutations of the kinases that lead to its activation (such as ATM or Chk1) or due to the amplification of MDM2, the E3 ubiquitin ligase that targets p53 to proteasome-mediated destruction. 35, 36 Hence, inactivation of the p53 system is one of the most frequent alterations that occur in cancer. p53 is mainly viewed as a transcription factor that transactivates proapoptotic and cell cycle-arresting genes, 36 thereby favoring apoptosis and senescence of cancer cell precursors (which explains its tumor-suppressive effects as a 'guardian of the genome') or of cancer cells that respond to chemotherapy or radiotherapy (which explains its positive impact on anticancer treatment). p53 can also transactivate an autophagyinducing gene, dram, which codes for a lysosomal protein, 37 and p53-dependent induction of autophagy has been documented by several groups in response to DNA damage, 38 Arf activation, 39 or reexpression of p53 in p53-negative tumor cells. 40 Recently, we observed that inactivation of p53 by deletion, depletion or inhibition also can trigger autophagy. 41 Thus, human and mouse cells subjected to knockout, knockdown or pharmacological inhibition of p53 manifest signs of autophagy, such as depletion of p62/SQSTM1, LC3 lipidation (and hence conversion of LC3-I into LC3-II), redistribution of GFP-LC3 in cytoplasmic puncta and electron microscopic evidence of autophagosomes and autolysosomes, 42 both in vitro and in vivo. 41 This applies to a variety of methods for p53 inactivation: chemical inhibition with cyclic pifithrin-a (PFT-a), knockdown with siRNAs specific for human p53, mouse p53 or the Caenorhabditis elegans p53 ortholog cep1 or homologous recombination of p53 in human cancer cells, mice or nematodes. p53 inactivation was found to induce autophagy in several nontransformed or malignant human cell lines, namely HFFF2 fibroblasts, HCT116 colon cancer cells, SH-SY5Y neuroblastoma and HeLa cervical cancer cells, in mouse embryonic fibroblasts (MEF), in vivo in multiple mouse tissues (kidney, pancreas, liver, brain and heart), as well as in C. elegans embryos and adult pharyngeal cells. 41 Electron microscopy and immunofluorescence experiments indicate that p53 inactivation induces both autophagy of the ER (reticulophagy) and mitochondria (mitophagy). When p53 was inhibited in an acute fashion by addition of PFT-a, reticulophagy was induced more rapidly than mitophagy, suggesting an intimate relationship between p53 inhibition and ER stress (which also induces preferential reticulophagy). Accordingly, p53 triggered the phosphorylation of eIF2a, which is a hallmark of ER stress. Moreover, the knockdown or knockout of IRE1, one of the quintessential ER stress effectors, reduced autophagy induction by p53 inactivation. 41 Inhibition of p53 caused autophagy in enucleated cells, indicating that the cytoplasmic, nonnuclear pool of p53 can regulate autophagy. We also observed that retransfection of p53 À/À cells with wild-type (WT) p53 suppressed autophagy and that this effect could be mimicked by a p53 mutant that is excluded from the nucleus, due to the deletion of the nuclear localization sequence. In contrast, retransfection of p53 À/À cells with a nucleus-restricted p53 mutant (in which the nuclear localization sequence has been deleted) failed to inhibit autophagy. Hence, cytoplasmic (but not nuclear) p53 is responsible for the inhibition of autophagy. Several distinct autophagy inducers (e.g., nutrient depletion or addition of rapamycin, lithium, tunicamycin or thapsigargin) stimulated the rapid degradation of p53. The p53 protein was depleted both from the nucleus and from the cytoplasm, with similar kinetics. Inhibition of the p53-specific E3 ubiquitin ligase MDM2 (by two distinct pharmacological inhibitors or by knockdown) avoided p53 depletion and simultaneously prevented the activation of autophagy. Finally, a p53 mutant that lacks the MDM2 ubiquitinylation site and hence is more stable than WT p53 was particularly efficient in inhibiting autophagy. 41 In conclusion, p53 has a dual function in the control of autophagy. On the one hand, nuclear p53 can induce autophagy through transcriptional effects. On the other hand, cytoplasmic p53 may act as a master repressor of autophagy. How this latter effect is achieved in mechanistic terms is not clear yet (Figure 1 ).
Regulation of Autophagy by DAPK
The death-associated protein kinase-1 (DAPK-1) is commonly silenced in human cancers by methylation, and has tumor and metastasis suppressor properties. 43 DAPK-1 also induces autophagy and apoptosis, through independent mechanisms. DAPK-1 interacts with the microtubule-associated protein MAP1B, in particular in conditions of amino-acid starvation. Autophagy induced by DAPK-1 overexpression is attenuated by knockdown of MAP1B, 44 suggesting that the interaction of DAPK1 with MAP1B (which in turn is capable of interacting with LC3) might be responsible for the induction of autophagy. MAP1B has been shown to inhibit autophagy in previous studies. 45 Future investigation will clarify whether MAP1B is the sole route that links DAPK1 to autophagy. Indeed, DAPK1 is an extremely pleiotropic molecule 43 and can activate the p53 system, suggesting that transcriptional programs influenced by DAPK1 might also affect the propensity of cells to undergo autophagy.
Deficient Autophagy as a Mechanism of Oncogenesis
Beclin 1 maps to a tumor susceptibility locus that is monoallelically deleted in a high percentage of human breast, ovarian and prostate cancers 24 (Table 1) . Decreased expression of Beclin 1 has been observed in human breast, ovarian and brain tumors. 24, 50 The monoallelic deletions of beclin 1 in human cancer likely contribute tumorigenesis, as targeted mutant mice with heterozygous disruption of beclin 1 have decreased autophagy, spontaneously develop tumors including lymphomas, lung carcinomas, hepatocellular carcinomas and mammary precancerous lesions as they age, and undergo accelerated hepatitis B virus-induced carcinogenesis. 51, 52 Moreover, immortalized kidney and mammary p53 in autophagy MC Maiuri et al epithelial cells derived from beclin 1 heterozygous-deficient mice are more aggressive than control cells derived from WT mice when they are inoculated into immunodeficient recipient mice. 13, 14 Other proteins that form part of the Beclin 1/class III PI3K complex, such as UVRAG and Bif1 may also act as tumor suppressors. UVRAG is monoallelically deleted at a high frequency in human colon cancers and, when overexpressed, suppresses the proliferation and tumorigenicity of human colon cancer cells. 24 The deletion of Bif1 in mice results in the development of spontaneous tumors. Finally, knockout of atg4c, a cysteine protease involved in the processing of LC3/Atg8, accelerates the development of methyl-cholanthrene-induced fibrosarcomas in mice 53 ( Table 2 ). This suggests that tumor suppression may be a shared property of several distinct autophagy proteins that act at different steps in the pathway. Figure 1 Cytoplasmic versus nuclear effects of p53. p53 has a Janus role in the control of autophagy. Nuclear p53 promotes the transcription of proapoptotic and cell cycle-arresting genes, and also can act as an autophagy-inducing transcription factor. In contrast, cytoplasmic p53 degradation exerts an autophagy-inhibitory function. Both of the p53 'faces' are not completely known at molecular level Table 1 Germline or somatic mutations affecting autophagy in human cancer
Affected protein
Disease and putative link to autophagy Reference
Proteins that regulate autophagy AKT, PI3K and PTEN Neoplasia. Gain-of-function mutations or amplifications of PI3K and the protein kinase Akt (which activate mTOR) are frequent oncogenic alterations, whereas PTEN (the phosphatase that antagonizes PI3K) is often lost or silenced. These alterations confer autonomy from growth factors and suppress autophagy. Peutz-Jegher's syndrome (autosomal dominant syndrome with benign hamartomatous polyps in gastrointestinal tract and increased incidence of epithelial cancers). Somatic mutations observed in nonsmall cell lung cancer. LKB1 is an intracellular energy sensor that activates AMPK and may stimulate autophagy by stabilizing p27. 48, 49 p53 (somatic) Cancer. Mutations in p53 are found in 450% of all human tumors. Among multiple functions, p53 may activate autophagy after genotoxic stress and exert a tonic inhibition of autophagy in normal conditions. 38, 37, 40, 41 Proteins required for autophagy Beclin 1 (somatic; monoallelic deletions) Breast, ovarian and prostate cancer. Possibly due to genomic instability and/or deregulated cell growth. White and colleagues. 4 have proposed two alternative (and nonexclusive) hypotheses to explain how the loss of autophagy may stimulate oncogenesis in spite of the fact that the suppression of autophagy enhances the frequency of necrotic cell deaths within tumors. First, enhanced necrosis due to suppressed autophagy might exacerbate local inflammation and thereby stimulate tumor growth. 12 Second, invalidated autophagy may promote genomic instability in metabolically stressed cells, leading to oncogene activation and tumor progression. 13, 14 Indeed, immortalized mouse epithelial cells that exhibit a genetically determined defect in autophagy due to monoallelic loss of beclin 1 or biallelic loss of atg5 display increased DNA damage foci, centrosome abnormalities, numerical and structural chromosomal abnormalities and gene amplification, especially after ischemic stress. The mechanisms through which deficient autophagy may induce genomic instability are elusive. As a possibility, autophagy might simply be required for an optimal management of the bioenergetic flux, thus facilitating the minimum amount of ATP levels (and that of other metabolites) required for DNA repair. 8 It is also possible that autophagy indirectly contributes to the enforcement of cell-cycle checkpoints by degrading Bif-1
Enhanced frequency of spontaneous lymphomas, sarcomas and carcinomas required for autophagy in cell lines. specific organelles or proteins that are essential for cell growth regulation. 41 Finally, autophagy may be required to remove damaged organelles (such as mitochondria) and hence to regulate the levels of endogenous stress (including ROS production by uncoupled mitochondria), 26 meaning that deficient autophagy might affect genomic instability in a rather indirect fashion (Figure 2a) .
Enhanced Autophagy as a Mechanism of Tumor Cell Survival
A large series of clinically approved and experimental anticancer therapies induce the accumulation of autophagosomes in tumor cell lines in vitro. 7 For many years, it was thought that these therapies kill cells through autophagy and hence induce the so called 'autophagic cell death'. However, specific inhibition of autophagy with siRNA's targeted against ATG genes usually accelerates, rather than prevents, cell death in these settings, 7 indicating that autophagy activation likewise represents a cellular attempt to cope with stress induced by cytotoxic agents. 26 Along these lines, inhibition of autophagy can be used for experimental cancer treatment. For example, in mice harboring c-Myc-induced lymphomas, the lysosomotropic drug chloroquine enhanced the efficacy of either p53 or a DNA alkylating agent to induce tumor cell death and tumor regression. 40 Inhibition of autophagy by siRNAs that target essential autophagy genes also sensitizes cancer cells to the induction of cell death by radiotherapy 54 and a wide range of chemotherapeutic agents including cyclophosphamide 40 and N-(4-hydroxypheny)retinamide. 55 Inhibition of autophagy also sensitizes breast cancer cells to killing by the estrogen receptor antagonist tamoxifen, 56 prostate cancer cells to androgen deprivation, 57 colon cancer cells to amino-acid or glucose deprivation, 58 Bax À/À HCT116 cells to TRAILinduced apoptosis 59 and multiple different cell lines to anoikis (apoptosis due to detachment from the extracellular matrix), 60 suggesting that suppression of autophagy could constitute a general strategy for rendering cancer cells more susceptible to the induction of cell death (Figure 2b and c).
Conclusions and Perspectives
As indicated in the introduction to this paper, cancer is characterized by six well-established hallmarks. There have been attempts to identify additional hallmarks, such as avoidance of immune control 61 or increased anabolic reactions. 62 As discussed here, however, the relationship between cancer and autophagy cannot be reduced to a simple formulation. As it stands, reduced autophagy maybe an oncogenic event and contribute to tumor progression, whereas enhanced autophagy may rather constitute a mechanisms through which tumor cells survive hypoxic, metabolic, detachment-induced or therapeutic stress.
Induction of autophagy, as it occurs in response to starvation, is responsible for the beneficial effects of caloric restriction on longevity, at least in C. elegans. 63 It is tempting to speculate that periodic induction of autophagy may also be responsible for the cancer preventive effect of caloric restriction. If this were true, pharmacological induction of autophagy might be used for cancer chemoprevention. Therapeutic inhibition of autophagy, if feasible, might enhance the efficacy of radiotherapy or chemotherapy, yet might have an intrinsically co-oncogenic potential and stimulate tumor progression. Future will tell us how clinical oncologists will succeed to navigate between Scylla and Charybdis and in which particular tumors, in combination with which set of drugs, and in which therapeutic regimes, autophagy inhibitors or inducer will become efficient anticancer agents.
